Escherichia coli B/r cells grown on glycerol-containing medium and irradiated with ultraviolet light to about 1 % survival respire for about 1 hr and then cease completely for several hours. The results of studies on cell-free respiration and analyses of pyridine nucleotide levels at various times after ultraviolet irradiation show that the cessation of respiration is associated with two changes-loss of glycerol kinase activity and complete disappearance of pyridine nucleotides. Under other cultural conditions in which respiratory inhibition is less complete and more transitory, the losses of pyridine nucleotides are smaller and the rises which follow are correlated with increases in respiratory activity.
Respiration in Escherichia coli B/r is inhibited temporarily by ultraviolet (UV) irradiation (2, 8).
The inhibition begins at approximately 60 min after irradiation and may be complete for as much as 4 hr if the medium is one of mineral salts and glycerol. In this paper we present evidence that the turnoff of respiration in irradiated cells grown in such a medium is caused by a loss of glycerol kinase activity and by the disappearance of pyridine nucleotides.
MATERIALS AND METHODS Bacterial strains. E. coli B/r (ORNL) is a radiationresistant strain. E. coli B.-, is a radiation-sensitive strain obtained from Ruth Hill.
Growth of bacteria. The basic medium is M63 (7) containing 2% glycerol and is designated M63gly. For some experiments, the medium was supplemented with 0.025% Casamino Acids (M63gly + CAA). In medium designated M63glu, 4% glucose was substituted for glycerol. The bacteria were grown to a concentration of 4 X 108 cells per ml in flasks shaken at 37 C.
Irradiation. Cell suspensions diluted to 8 X 107 cells per ml were irradiated at room temperature in 40-or 160-ml volumes in 100-mm or 170-mm crystallizing dishes, respectively. The method of irradiation and measurement of dose, 520 ergs/mm2 at the surface of the cell suspension, has been described (8) ; the dose rate was 12 ergs per mm' per sec. After irradiation, the cell suspensions were concentrated to 4 X 108/ml. Unirradiated cultures were diluted and concentrated in the same manner. Dilutions were made in growth medium.
Respiration of whole cells. Oxygen consumption was measured with a Gilson respirometer on 2 ml of cell suspensions at 37 C.
Preparation of cell-free extracts. Cultures were washed in 0.1 M phosphate buffer containing 0.5 mm MgSO4, concentrated twofold in ice-cold buffer, and treated for 1 min with a Bronson Sonic oscillator.
Measurement of cell-free respiration. The oxygen consumption at 37 C of 3 ml of suspension of cell-free extract was measured with an oxygen analyzer (Yellow Springs Instrument Co.; model 53) with a Clark electrode. Substrates and cofactors were added in a total volume of 0.1 ml to give a final substrate concentration of 0.033 M; the final concentrations of nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) when added were 1 mm and 0.4 mm, respectively; adenosine triphosphate (ATP) was at 4 mm final concentration. Oxygen consumption was monitored for a maximum of 20 min, and the rate of consumption was normally constant. In some cases, the initial rate for the first 5 min or so was lower than the final constant rate; the final rates are reported. The results are expressed as microliters of 02 per milligram (dry weight) of cells per hour [Q(02)J.
Cell-free respiration was measured on extracts of unirradiated cells from exponential-phase cultures and irradiated cells from cultures which were incubated at 37 C for 90 min (UV-90), at which time whole-cell respiration was completely turned off. The rates of respiration with exogenous substrates by unirradiated cell extracts were corrected for endogenous respiration. No endogenous respiration was found for ex-RESPIRATION OF UV-IRRADIATED CELLS was placed in ice for 15 min with occasional mixing and then centrifuged for 10 min at 10,000 X g. The supernatant fluid was removed for subsequent analysis of total oxidized pyridine nucleotides. (At this stage, the sample may be frozen overnight without a significant loss of pyridine nucleotides.)
The extracts were prepared by a modification of the method of Jacobson and Astrachan (4) for analysis of total oxidized pyridine nucleotides by the methyl ethyl ketone (MEK) fluorescence method (1). Two 0.2-ml samples of each trichloroacetic acid extract were adjusted to pH 6 by the addition of 0.2 ml of 0.75 M K2HPO4. An excess of Neurospora nicotinamide adenine dinucleotidase [(NADase) 25 lAiters, which irreversibly destroys both NAD and NADP] was added to one tube of each set, and the samples were incubated for 40 min at 37 C to ensure complete hydrolysis of the oxidized pyridine nucleotides. The purpose of the NADase treatment is to demonstrate that the fluorescence of the sample is caused only by NAD and NADP. After incubation, 0.1 ml of freshly prepared 50% trichloroacetic acid and 0.6 ml of water were added to each tube. Sets of NAD standards (1 lAg/ml, final concentration) and trichloroacetic acid blan'>cs wei e treated in a similar manner.
To form the pyridine nucleotide-MEK fluorescent adduct, a 0.1-ml volume of MEK reagent was added to each tube. The solutions were swirled on a Vortex mixer immediately before and after the addition of 0.3 ml of 3.5 N NaOH and allowed to stand at room temperature for 5 min. Afterwards, 2.5 ml of 0.4 N HCI was added to each tube to bring the pH below 3.
The tubes were placed in a boiling-water bath for 5 min and subsequently cooled in ice. Fluorescence was measured with an Aminco Bowman fluorometer. Excitation was at 360 nm, and the fluorescent spectrum between 380 and 650 nm was recorded for all samples. A single fluorescent peak at 460 nm was observed for the NAD standard and for samples not treated with NADase. Standards and samples treated with NADase exhibited no fluorescent peak at that wavelength.
For the NADH assay, cells were suspended in cold 0.1 M Na2CO3 (pH 10) and heated in a boiling-water bath for 2.5 min to destroy NAD. The NADH in the supernatant fluid was oxidized to NAD by incubation with acetaldehyde in the presence of yeast alcohol dehydrogenase (4) . The NAD was then assayed by the MEK method.
Measurement of growth. Turbidity measurements were made as optical density readings at 600 nm, and the readings were converted to milligrams of dry weight per ml.
Survival curves. After appropriate dilutions were made in buffer, samples were plated on solid agar (1.2%) medium made up with the same salts and carbon sources as were used for growth and incubation of the cells in liquid culture. Chemicals. All chemicals and metabolic intermediates were obtained from Sigma Chemical Co. except DL-isocitric acid (Mann Research Laboratories), malic acid (Calbiochem), and pyruvic acid (Matheson Co., Inc.).
RESULTS
Cell-free respiration studies. Whole-cell suspensions of E. coli B/r in M63gly incubated for 90 min after 520 ergs/mm2 of UV (UV-90 cells) have a negligible rate of respiration (2; Fig. la) . We reasoned that if the cause of the inhibition of respiration is a metabolic block of some step in the breakdown of glycerol, the site of inhibition might be localized by measuring the amount of cell-free respiration with various metabolic intermediates. Table 1 shows the result of such experiments with cell-free suspensions. For nonirradiated, sonically treated cells, glycerol and all intermediates tested were metabolized to some extent. For UV-90 cell-free suspensions, the rates of respiration dropped to a very low level for all substrates except DL-a-glycerophosphate and succinate, for which oxygen consumption was almost the same as for cell-free extracts of nonirradiated cells.
When catalyzed by glycerol kinase, glycerol and ATP react to form a-glycerophosphate. Addition of ATP to the cell-free extracts of irradiated cells stimulates oxygen consumption, but only to a fraction of the values for unirradiated, sonically treated cells with glycerol as a substrate or for irradiated, sonically treated cells with a-glycerophosphate as a substrate. a-Glycerophosphate dehydrogenase, like succinic dehydrogenase, is not coupled to the electron transport system by pyridine nucleotides (6) . Table 1 UV-90 cells, addition of NAD stimulated oxygen uptake of those intermediates occurring one or two steps before the NAD-dependent steps. The exceptions were a-ketoglutarate and oxalacetate. Addition of NADP stimulated oxygen uptake markedly for isocitrate and its immediate precursor, cis-aconitate, but much less for citrate. These results indicated that the respiration in irradiated cells is stopped by at least two things: (i) the inactivation of glycerol kinase, and (ii) the disappearance of pyridine nucleotides from irradiated cells. We investigated these possibilities further.
Bypassing the glycerol kinase bloc L-a-k. Glycerophosphate enters E. coli cells by an active transport system (3) and is metabolized directly without dephosphorylation (5). This property suggested that if the loss of respiratory activity is due to the inactivation of glycerol kinase activity, we might be able to bypass that block and obtain respiration, but not necessarily growth, by the addition of a-glycerophosphate. Figure 1 shows that respiration does not cease if glycerol and a-glycerophosphate are both present from time zero after irradiation, but growth does stop at the same time as when glycerol alone is present. Moreover, addition of a-glycerophosphate after respiration and growth have ceased causes only respiration to resume. Growth apparently does not take place because of the requirement for pyridine nucleotides as cofactors for steps in the metabolic cycles and for reducing power for synthetic reactions.
Although both a-glycerophosphate and succinate are rapidly oxidized by UV-90 cell extracts, succinate is not oxidized by irradiated whole cells and is only very slowly oxidized by unirradiated cells that have not been grown on succinate.
Disappearance of pyridine nucleotides from irradiated cells. Figure 2 (curve a) shows the time course of oxidized pyridine nucleotide levels in irradiated B/r cells grown on M63gly. During the first 30 min after irradiation while growth is taking place, there is a sharp increase in the level of these coenzymes. The level falls rapidly thereafter; by 90 min after irradiation, it has fallen to about one-third of the level at zero time or one-sixth of that 30 min later. After 90 min the level falls gradually until by 180 min the amount of pyridine nucleotide present is essentially zero. The loss of oxidized pyridine nucleotides is not due to their conversion to the reduced form. Immediately after irradiation, the level of reduced pyridine nucleotides is 0.2 pg/mg (dry weight) of cells and by UV-90 the level is essentially zero. Figure 2 (curve b) shows that the decrease in the pyridine nucleotide level in B/r cells is not the result of cessation of metabolism, since the decrease does not occur when unirradiated cells are incubated in a medium that is deficient in a carbon and nitrogen source. Under these conditions there is no respiration or growth, but the pyridine nucleotide level, after doubling in the first 60 nmn, remains near the new level for the next 240 min. UV irradiation does not cause 1232 turnoff of respiration in E. coli B.-1 cells (2), and the pyridine nucleotide levels remain high (Fig. 2, curve c) .
Growth, respiration, and pyridine nucleotide levels: comparative culture conditions. The respiration rate of irradiated B/r cells is highly dependent on the conditions under which the bacteria are cultured. The presence of Casamino Acids (M63gly + CAA) favors early recovery of respiration. When cells are in M63glu medium, respiration is inhibited only slightly by UV. We followed respiration, growth, and pyridine nucleotide levels under three different cultural conditions to determine whether changes in respiratory rate were correlated with pyridine nucleotide levels of the cells.
In Fig. 3a, b , and c, respectively, are shown curves for the respiration, growth (mass per unit volume), and pyridine nucleotide level (nanograms per milligram, dry weight) for the three media. For each culture condition, UV causes a rapid rise in the pyridine nucleotide content of the cells during the first 30 min after irradiation. After this time there is a loss of pyridine nucleotides that lasts until at least 120 min after irradiation.
By 180 min after UV irradiation, cells in M63gly have lost all of their pyridine nucleotides. The complete turnoff of respiration and lack of resumption are consistent with this loss. The respiratory rate of cells in M63gly + CAA is also well correlated with the pyridine nucleotide level. From 120 min to 180 min after UV irradiation, the pyridine nucleotide levels are only about 15% of the values observed before irradiation. The respiratory rate is low during that period, but rises after 180 min, the time when a rise in the pyridine nucleotide level is seen. The cells grown on M63glu exhibit a transitory inhibition of respiration; this behavior is consistent with the fact that the pyridine nucleotide level does not fall below 65% of that before irradiation. After reaching that minimum at 120 min the level gradually rises, and at UV-240 the pyridine nucleotide level is very near the normal level.
In Fig. 4 are shown the numbers of colonyforming units as a function of time for cells grown, irradiated, and incubated in each of the three media before being plated on agar containing the substrates on which they were grown. The curves are displaced from one another with the greatest survival being for the cells in M63glu and the least for those in M63gly. The curves all have the same general shape: there is an increase in survivors during the first 40 min, followed by a decrease. The minima of the curves occur in the same order; however, once the second increase in the number of survivors begins, the rate of increase is about the same for all three media.
DISCUSSION
We previously suggested (8) that UV irradiation of B/r cells triggers a sequence of interrelated events, which is essentially the same under all growth conditions. Variations in the patterns of response of cells grown in different media must reflect a change in balance or timing of these events. The different kinetic patterns of oxidized pyridine nucleotide levels for cell growth on three different media support this notion; in all media the levels of oxidized pyridine nucleotides rise sharply during the first 30 min after irradiation and then fall to levels that are in accord with the respiratory activity of the individual cell sus- (2) that the turnoff process is controlled by the deoxyribonucleic acid of the irradiated cells, apparently through the production of a new protein. Studies in which chloramphenicol is added at various times after UV irradiation show that this inhibitor of protein synthesis is most effective in promoting continuous respiration when added immediately after UV. Its effectiveness progressively decreases when added at later times, until by 60 min no effect is obtained.
These data suggested to us that the postulated inhibitor protein was associated with the disappearance of pyridine nucleotides from irradiated cells, but we have not been able to detect NADase activity in extracts of UV-90 cells.
We have not as yet determined whether the pyridine nucleotides leak into the medium, nor do we have any indication of whether or not the postulated protein is involved in the loss of glycerol kinase activity.
In analyzing the shapes of time-course viability curves in Fig. 4 , it is important to realize that an increase in the number of colonies on a plate may result from recovery of viability on the plate or in liquid suspension or by a combination of recovery and subsequent cell division in liquid suspension. Those cells that are plated immediately after irradiation carry out all of their repair and recovery functions on the plate. As time progresses, the ratio of recovery time in liquid culture to recovery time on the plate becomes smaller. This fact and the drop in pyridine nucleotides may relate to the drop in survival beginning at UV-40.
We note that after 120 min the rate of increase in the number of viable cells versus the time spent in liquid culture is about the same (doubling time 30 min) for all three media. The normal doubling time for unirradiated cells is 50 to 60 min. Thus cell division can hardly account for the increases in viability.
We shall deal with the significance of respiration to survival in greater detail in a future paper.
